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ABSTRACT

The rate of lonic transport through perfluorosulfonic acid
membranes is set by water content within mass transfer chan-
nels of the polymer. Consequently, control of water flux
is important to control transport rates. Experiments show
the influence of cation type on water transport properties
and on polymer physical properties. These results support
the mode]l that channel geometries are determined by the
intersctlon of coulombic forces within the membrane. De-

scription of these transport processes 1is accomplished
through several mathematlical routes.

WTRO!

Ion exchange membranes serve well as cell sepsrators in electro-
chamlicel systems used for energy conversion (fuel cells) (1,2) or
chemical synthesic (especially water electrolysis) (3). 1In these sys.-
tems, the membrane sevarates the anodc from the cathode while main.
taining high, selective ionic conductivity. Efficlency of these ds-
vices demcnds high conductivity and, at tiues, high lonic selectlivity,
where specific lonlr transference numbers approach unity. Durling the
last decude, there has baen considerable progrecs in developing poly-
meric materials thet are suitable for this separator task.



Although early work used sulfonsted polystyrene membranes, the
chemical and mechanical stability of polyperfluorosulfonic aclds, such
as Du Pont‘'s Bafion class of polymers, has become incressingly at-
tractive (4,5). These ion exchange polymers, like their predecessor
ion exchange resins, imbibe considerable quantities of water. For
instance, ion exchange membranes flood with water to values of 50%, or
more, of the dry welght. However, these materials sustain mechanical
strengths even when water-fllled, demonstrating a continuous polymer
phase. Therefore, structural models show twc continuous phases, one
with ionic properties similar to an aqueous solution, wnd the other
with polymer propertlies similar to polytetrafluoroethylene.

Ionic transport is an important parameter in membrane utllization.
Studies conclude that increased moisture content (weight per cent) in-
creases lonic conductivity values. Membranes are readily expanded to
imbibe additional water by increasing the pretreatment temperature.
The polymer retains moisture resulting from the highest pretreatment
temperature, even when used at a lower temperature. Moleculsr trans-
port is also important. For instance, during hydrogen-oxygen fuel cell
operation, water is a product of the cethodic reaction. Depending upon
temperature and pressure, water will exhaust either aes & liquid or a
gas, and depending upon the differential pressure across the membrane,
considerable water may flow from the cathodic to the anodic region (6).
This flow is countercurrent to both the lonic or proton flux and to the
water flux associated with the protons. Control of water concentration
levels within the membrane requires an understanding of those polymer
features that control water transport.

The details of transport dynamics in ilonomers such as Nafion are
complicated because the polymer morphology sppears set by the lonic
structures that exist within the polymer. Our work, and others, sug-
gests that these morphological channels -- those structural features
that establish flow rates -- are the result of dynamic interactions
between opposing forces within the polymer. Rlastic modull forces act
Lo structure the polymar while anionic replusjon forces tend to distend
the material. The stablizing forces sre a function of temperature as
established by elastic modull terms while the anlonic repulslion forces
are get through a d4ifferent dependence on temperature, as described by
the Boltemann distribution. Thus, in a quantitative way, the tempera

ture influences structural parameters, such as swelling, repressnted
by water content.

These etrlier calculations also established detalls of cation in-
teractions within these systums (7). 1In those studles, we considerad
the anlion-cation separation dynamics within lonomers. Results, based
on statistical mechanical celculations, showed that the monovalent
cations are most probsble at smal]l distances from the locus of the
fixed anionic charge. In fact, assuming that these anlonic specles set
the position of a "pore wali,” then catlonr form a double layer :lose
to this same location. Wwhen the calculution is accomplished using
point charges, most probable cation locatlons ere wi . hin 0.3 X 10-8 ca



of the anionic wall position. Because this location is smaller than
hydrated lonic dlameters, finite-sized lons will assume different equi.
1ibrium distances because larger lons cannot approach the “pore wall”
as easlly as smaller ones. This result shows that larger cations ex-
hibit less ™"screening” of the anionic charge than small cations.
(Alternatively, one could dlscuss inner-outer sphere coordination com-
plexes and conclude that smaller catlions approach the sulfonic acid,
anjon groups to form a contact ion pair.) Larger cationg, especially
those cations that maintair. @ lerge hydrated complex, are less ef-
fective in locallzing aenionic charge. 1In that case, the anions ex-
perience maximum interanion repulsion and the polymer distends.
Cations that result in contact lon pairs diminish the anion repulsion
forces. Then the constant modulus terms contract the polymer to yield
a decreased "water content” and ¢t smaller molecular volume.

Most workers conclude that these polymers conform to generate
clusters of lons, rather like solution micelles (1). These clusters
represent both sites where high, compared to average, lonic charge oc-
curs and, consequently, locations where significant fractions of water
reslde. Clusters within wet polymer samples are examined by low-angle
x-ray scattering or with neutron diffraction. Clusters can also be ex-
amined In dry polymer samples with scanning electron microscopy pro-
vided cstlons such as Ag* are introduced before dehydration. Both
of these spectral techniques lead to structural models that show arrays
of clusters with uniform, periodic distribution.

These ordered lonic regions can result elther from statisticel
variations caused during polymer syuthesis, such as a nonrandom distcl-
bution of the side chuin position on the polyfluoroethylene backbone,
or from ordering on lonlc sites within the previously formed solid.
At present, we cannot state which effect is dominant; howaver, we as-
surpe that the second is most probable. In that case, we must consider
polymer morphology, especislly predicted conformations of the solid
anterial. These polymers, perhaps like many bdlopolymers, may order
into a helical conformation with anionic slde chains merged to form
lonic clusters. Figure 1 depicts that one cluster results from merged
anionlc groups on three adjacent “colls” of the helical conformation.
Those on the upper turn serge with one turn below, and those on the
next lower turn conform "upward” to form one cluster. Anion chaln
length precludes groups from decks farther away than two turns. This
three-level stack then leads to a cluster of 30-50 sites, depending
upon the diameter of the helix. PFarther up and down the chain, other
clusters form in a esimilar fashion. This qualitative representation
explains the formation of these clusters and thelr three-dimensional
nature, and accounts for the measured intracluster distances.

The average cluster size across the membrane may not be uniform
during transport as suggested, for example, by the studies of Fabdlani
ot al. (8,9) wvho experimentally measured s decresse in the character-
istic pore size with lonic concentrstion. The screening of wall
charges by hydrogen lons decreases the electrostatic repulsive forces



by the charged sulfonic scld groups and causes a partial collapse of
clusters and channels. The importance of mechanochemical forces in
tcansport in charged polymers such as collagen has been reviewed by
Grodzinsky (10). iisu and Gierke (11,12) have attempted to incorporate
the varistion of cluster size with water content, taking into account
the elastic energy of the polymer, but the incorporation of their re-
sults into a capillary pore transport model is not obvious.

Transport through these materlals occurs through channels sel by
dynsmic charge distributions and elastic strength. This paper dis-
cusses current mathematical formuiastions used to predict molecular and
ion transport and presents experimental results that explore the inter-
action of polymer morphology on these transport processes.

MATHEMATICAL PREDICTION OF TRANSPORT

Modeling the transport of hydrogen lons and water in these 1iono-
meric membranes normally must impliclitly include polymer morphology.
The formation of lonic clusters within perfluorinated sulfonic acid
membranes is now widely sccepted, but uncertasinty exists about the
ionic cluster size, the interconnectivity of the clusters, the size
and shape of the connecting channels, the state of water within the
pores, and the manner that hydrogen lons move through the pores. It
has been assuned thet significent transport occurs solely in the pore
structure and not in polymer-rich regions. Although most work assumes
a serles of regular pores, the sssumptions that are made to represent
membrane morphology must be kept in mind because they introduce a mea-
sure of empiricism to the theoretical results.

Ine simplest pore structure consists of uniform, psrsllel capil-
laries that traverse the membrane from the anode to the cathode side;
this morphology, however, has only limited physical reality. when one
conslders the cluster-channel netwoirk concept, the flilrst quustlon of
importance is the characteristic pore dlameter. The characteristic
pore diameter must asccurately represent the characteristic cluster
size, the channel size, and the interconnoctlivity of clusters including
deal-and pores. At present, there is no self-consistent manner to ob-
tain a characteristic pore size from these mass transport features.

Previour modeling of ion and water transport through lonic ex-
change membranes can be classifled into ecne of three categories:

1. continuum mechanles,

2. irreversible thermodynamics (Stefan-Maxwell equutions), and

3. percolation theory.

Continuum theories can be divided into continuum-mechani-~al and
irreversible thermodynamics models. Application of the coniinuum

mechanical model to transport in uniform pores is documented by
Westermann-Clark and Anderson (13), who concluded from experiments



that the model is quantitatively accurate for pores larger than 3.0 x
10-7 em in radius snd for squeous electrolyte concentration of 0.1 M
or lower. The success of continuum equations, such ss the BNernst-
Planck equation, for such small pores is surprising. A discussion of
the basis and limitaticans of the Nernst-Planck equation in lonic trans-
port hass been given by Buck (14). He srgues that, when pores and chan-
nels become on the same size order as molecules, this mathemstical ap-
proach is not correct. MNevertheless, Koh and Silverman (15) hsve ap-
plied the continuum-mechanical model to transport of hydroxyl lons in
Nafion membranes and have obtained intuitively consistent results.
Their results showed that the lonic fluxes are controlled by pore di-
mensions and pore sutface charge densities. It is not known if their
results are fortultous or if the continuum-mechanical model can be
consistently applied with success to model transport in Nafion mem-
branes where pore sizes sre on the order of 1.0 to 4.0 x 10-7 em.
In addition to the noncontinuum criticism, the continuum-mechanical
model is not easy to apply to complex pore structures due to un-
certainties in formulation of wall boundary conditions. This problem
might be circumvented in part by using finite element or boundary ele-
ment techniques.

Irreversible thermodynamics, in the form of the closely related
Stefan-Maxwell equations, have been used by Pintaurc and Bennion
(16,17) to obtain transport coefficients from experimental data on di-
alysis, electrodialycis, and reverse osmosis for RaCl and water trans-
port across Nafion membranes. Unlike the continuum-mechanical model,
irreversible thermodynamics 1s a continuum approsch that does not con-
sider microscopic information about pore morphology. As in the con-
tinuum-mechanical sapproach, tie convistency of a given pore model can
be checked with experimental data to give one or more characteristic
empirical parameters that descride morphclogy.

Percolation theory has been sppllied by Hsu et al. (11,18) to model
the threshold value of the gquecus volume fraction for which the poly-
mer first becomes proton conductive. In this approach, the state of
interdispersion of materials in s heterogeneous medium is randomly
stated. For %afion, blnary interdispersion is used to represent void
(or cluster) and purely polymer space. The method of genarating o
heterogenesus medium dependrs on the choice of tessellstion, which is
the juxtaposition of similar elements of elther void or polymer phase
in a coherent pattern. Hsu and Clerke (11) have used cublc tessel-
lation, but there sre other possibie cholces, such as lamellar or poly-
hedron (Voronol) structures. Consequently, the cholce of tessellation

involves an empiricism simllar to selecting a pore model using the con-
tinuum-mechanical aspproach.

The percolation method has not been fully developed to obtain
cther transport parameters, especially the hydrsulic parmeability and
pore elactrical conductivity. S8imllar to the characteristic pore size
varying from one side to the other side 5{ the mambrane, the cluster
volume fraction can also vacy across the membrane Af a sufficlently
large gredient exists.



Although each of these approsches has been used extensively, o
credible explanation of transport through these systems is lacking.
The central problem in applying transport models to Nafion membranes
is the question of the morphology of the polymer and the intersctive
role water and hydrogen lons play in determining morphology. In order
to include these varlations of morphology., we have approached the pro-
blem by using molecular dynamics to establish the three-dimensional
channel morphoiogy. Once the morphology 1is established, contlinuum
models can be used to predict transport properties.

Whereas molecular dynamics have never before been applied to
¥afion (to our knowledge), the method has been used extensively in the
biochemical field to predict transport in bilological membranes. Fraga
and Wilar (19) have used molecular dynamics to theoretically simulste
ionic transport through gramicidin A, which has naturally occurring
charged, transmembrane channels. By using molecular dynamics, we sre
able to take into asccount the size of the water molecules, the sulfonic
scid side groups, and the lons within the Nafion channel. The basic
method is to let & representative number of molecules and ions move
according to the forces (electrostatic and van der Waals) operating on
them. In our calculations, soft potentials and periodic boundery con-
ditions are used. Table 1 summarizes the models and the advantages of
each.

EXPERIMENTAL

Mafion 117 supplied by E. I. Du Pont de Nemours & Company,
Incorporated, is an unreinforced perfluoronsted sulfonic acid ionomer,
with an equivalent weight (EW) of approximately 1100 and a dry thick-
ness of 0.018 cm. The membrane specimens were treated before use by
boliling the hydrogen form in delonized water for 4 hours under 20 psig
(109°C).

Measurements of membrane properties, such as thickness, weight,
and water content, were taken under equilibrium conditions. Exchange
of other lons was accomplished by soaking a pretreated membrane in a
1.0 ¥ solution for 24 hours at a constant temperature. Membranes were
then rinsed by sonicating them in water for 2 hours, with a change in
water every 15 minutes. Solutlons of HCl, LiCl, BaCl, KCl, and CscCl
were used at 25°C.

Thicknesses were measured with a digital thickness gauge and with
a micrometer. After the 24-hour equilibration perliod, the membrane
sample was removed from solution and excess soluticn was blottad from
the surface with fllte,. paper. The thickness was then aeasured in at
least three locations with b~th devices. After completing thsa thick-
ness messuremsnt, we promptly weighed the meambrane semple and mwasured
the dimnensions. The sample was then placed in s desiccator to dry st
25°C, until its welght becane constant. The difference in wet and dry
weights represented the menbrane water content.



Water removal from Nafion polymers permits an evaluation of mole-
cular transport in the absence of auxilisry electrolyte solutions. A
series of experiwents was accomplished where a water-filled polymer
sanple was dried in s flowing gas stream while the sample mass was
mcnitored. These experiments were uccomplished using a custom sample
holder that suspended the polymer within the sample chamber of a
Mettler TG-50 thermobalance. Here, the polymer gtudied was in the pro-
ton form. Dry argon gas (trapped to 8 water content of less than
1 ppm) was used for drying.

A pressure-flow apparatus was constructed to measure the effective
porosity of Nafion membranes as a function of ionic form end tempera-
ture. This was done by monitoring the pressure drop across a specimen
under conditlons of constent wvater flow and temperature. Figure 2
shows @ schematlic diagram of the system. A high-pressure, low-flow,
precision-metering pump was used to set & continuous flow, and then
pressure on each side of the sample was monitored. The sample was held
in a stainless steel, high-pressure flange, and the temperature within
the hested chamber was regulated to +0.4°C. The back pressure was
maintained g2t 52 & 0.2 psi. The experiment proceedeéd wuntil a stesdy-
state value for the sressure drop watc achleved for a given flow rate.

Polymer physical strengths were measured by monltoring the exten-
slon caused by known force loads, while the material was submerged
under a specified test solution and maintained at a fixed temperature.
This apperatus (see Fig. 3) was constructed using reinfonrced fider
glass to minimize the effects of foreign lons that might be released
from ferrous msterials. Wet Nafion strips were mounted and allowed to
dry in the absence of force. Length was recorded. The experiment was
then repeated after suspending an 800 g weight, which established s
constant force, and the length was again recorded. The sample was sub-
wmerged in 1 ¥ CsCl solution. Length was recorded as a function of time
until no fucther length change wag detected. The sample was ramdoved
from the solution, rinsed with delonized water, and allowed to dry
wichout the aspplied force. This procedure was repeated with the same
Nafion sample for solutions of 1 M KCl, BaCl, LiCl, and HCl, in that

order. Temperature was maintalined to +0.1°C with a circulating water
bath.

RESULTS AND DISCUSSION

Experiments were conducted to deduce molecular flow featurus
through Nafion 117 samples. Of particular interest are those measure-
ments that reflect channel dimensions becsuse those values are neces-
sary lnput for molecular dynamic calculations. BRqulilibrium water con-
centration results sre given in Table 2, which shows properties o’ wet
senbranes e2 a functlion of cetlion. Por comparison, water contents of
Bafion 125 (as reported by Hsu and Glerke (11)) and properties of the
dry polymer aro included. These date show the well-known trend of wide
varistions in wuter content ss the nature of the cetion is changed.



Incrested water content of the lower equivalent weight polymer (117)
compared with the 125 material 1ls expected because of the increased
number of sulfonic acid side chains in the 117 material.

Data were determined for exploring the dehydration of Nafion 117,
especially searching regions of the drying curve that represent stable,
hydrate regimes. Water loss began immediately st room temperature and
continued until about 50°C, when the rate decreased. Between 50 and
180°C, mass losses continue but at a slower rate. Finally, a steady
weight is obtained between 180 and 350°C. At higher temperatures, the
polymer began to decompose, although there was no evidence of cherring
or loss of physical strength; rather, the material mass continuously
decressed, perhaps through an unzipping mechanism. If one assumes that
the polymer mass at 180°C is the "dry” weight and if one knows the
equivalent welght, the number of water molecules per sgulfonic acid
group can be calculsted. (This method of determining water content
gives aspproximately the same results, within 5%, as the equilibrium
water values mentioned above because most (90%) of the water exhausts
rapidly at relatively low temperatures.) In these equilibrium studies
with Mafion 117, the wet polymer reaches a condition, near 50°C, where
three water molecules remain per site. At 100°C, e single water mole-
cule, on the average, is associated with each site, perhaps because of
a close contact pair, R—SO§H30*. Then, &t higher temperatures, this
compound decomposed. There is no evidence of other specific molecular
hydrates, rather these dats show a continuous water flow from the
sample with the highest rates in the reglon of 25-50°C.

Water loss kinetics cun be described by one of two models, es-
sentially limited by the rate of heat transfer to the evaporation sur-
face or by the rate of muss transfer %o that surfoce. The initlal rate
of weter loss was deteimined at each of three temperatures, 25, 30,
and 35°C. Water loss rates increased as temperatures werc increased,
but the data suggest that the loss was controlled by mass transport.

Individual samples were rectangular, and within 1-2%, the surface area
is given by

Ay = 2m/81

vhere
Ay = surface ares in cm? of the two sample sides,
m = 4ry polymer mass,
1 = polymer thickness, and
d = dry polymer density.

The water loss raste wes taken as the slope of the weight vs. time
curve. Results sre given in Tadle 3.

These results: show that the product of the initisl drying rate,
multiplied by the water viscosity, normalized for surfece area, is &
constant, k'. ' Water transport in this case appesrs controlied by the



rate of flow through the microporous polymer. These results parallel
those that have shown water permeabllity rates solely influenced by
fluld dynamic parameters (viscosity) as long as lonic forces within the
polymer are set (same pretreatment temperature and cation type).

The rate of water transport through the polymer, then, 1is con-
trolled by the morphology of the microporosity. This structural set
can be varied by sltering the ionic-charge distributions within the
material. This alteration is readily accomplished by changing the
cation type. One way of describing these changes is to measure an ef-
fective channel diameter by determining the fluid dynamics through a
polymer sheet. We chose to determine an effective pore radius, rgfg,
using the Hagen-Poiseuille equation for laminar flow (20):

rd¢f =8 p 1 Q/ (8P ¥)

where
P = viscosity,
| = thickness,
Q = flow rate,
AP = pressure drop, and
raff = effective pore radius.

This equation calculates the effective radius of 8 single channel that
will sustein the measured flows. For a distributed porosity, such as
we are consldering here, the average pore diameter could be estimated
by dividing this vaiue by the number of pores. As indicated in Fig. 4,
these results show that channel diameters are directly related to the
size of the monovalent hydrated cations. The largest hydrated lons
distend the polymer the most to give the largest effective pore radii.
This linear relationship between cation size and molecular flow sug-
gests that moleculer parameters are set by the doudble layer structure.
Statistical =echanics results show that charges are concentrated at
channel] walls, and thus, we conclude that the channel geometry results
from electrostatic forces. Larger cations do not approach the channel
"wall” to the same exteont as the smaller cations. Protons, especlally
the large hydrated ions in these polymer systems, are less effective
at decreasing interanionic repulsive forces because they do not ap-
proach the wall potential to the same extent as smaller univalent
cations. These results are in general agreement with those given by
dynamic calculations of charge distributions within polymer channels.

The physical strength of a polymer is intimately related to the
forces acting within the polymer. These lonomeric polymers are physi-
cally strong, rather like PTFE materials. This morphological model is
based on the alteration of lonic forces effected by changing the size
of the hydrated cations. Rlastic modull forces should reflect these
slterations for the polymer intermolecular forces need to both sustain
material strength and to counteract the swelling forces, driven by the
ionic dynamics. Therefore this model predicts that the polymer will
lose strength as the channel dimensions increase.



A novel serles of experiments was sccomplished to explore the
distention of the polymer as a function of catlon type and of tespers-
ture. These results are given in Fig. S. Although guantitative con-
clugions on actual forces within the polymer cannot be deduced from
these data, results again support the general concept above. The poly-
mer in its distended hydrogen form is considerably weaker than when
swelling is decreased. The differences in strength appear because of
the effectiveness in anlonic repulsion screening since the forces
caused by the elastic moduli of the polymer are set with temperature.

CONCLUSIONS

These results illustrate the gsharp alteration of molecular trans-
port through these lonomer sheets that are caused by variation of 1onic
distributions within the cluster sets. Because lonic distributions
must vary during dynamic lonic transport, we expect that useful models

of transport will incorporate specified channel dimensions as s func-
tion of operating conditions.

These results corroborate those concepts suggesting that morphe-
logical channels controlling transport properties result from the in-
teraction of polymer moduli forces and 1lonic repulsion forces.
Normally, these two forces sum to form a state of tension within these
materials that establiches transport features. Molecular transport
varies directly with the hydrated cation size. It appears that
moisture floods into the interlior of these materisls until the svall-
able porosity is water filled. Thermobalance data show that water ex-
hausts, even at room temperature, at rates set by the channal size. At
higher temperatures, water concentrations result from a sum of local-
ized generation and discharge rates. Thus, although water content is
a function of swelling, ionic forces set the swelling extent, not the

moisture content. Water content is a dynamic parameter set by fluid
dynamic rates.

Models thet explain transport through these materials should in-
clude the effects of channel feature varistions on the mass transport
process. This now appears feaslible because molecular dynamics models,
bagsed on sensible assumptions of channel peometries, cen serve as the
base for establishing channel dimensiong. Once these are known in a
spatially dependent way, set by the current and transport rstes, then
existing formulations of continuum mechanics will give a dynamic pic-

ture of transport through these polymers. Work on this subject will be
the topic of future papers.
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TABLE

l:

SUMMARY OF APPROACHES FOR TRANSPORT MODELING

NETHOD

ADVANTAGES _

Continuum Theorlies;

continuum-mechanical and
irreversible thermodynamics

models

Percolation Theory

Molecular Dynamics

Well established; ease of
computation; for assumed pore
geometry, transport parameters
can be derived from direct
experiments and compared with
predictions.

Method for generating random
heterogeneous media; predicts
critical pore volume fraction
for conduction to occur.

Incorporation of noncontinuum
effects; incorporation of com-
Plex pore structures.

TABLE 2: PHYSICAL PROPERTIES OF WET POLYMER (NAFION) AT 25°C
Cation Thickness Density w/wh H,0 w/Wh H0
(em x 102) (g/cmd) Mafion 117 Nafion 125

H* 2.41 1.46 45.0 33.6

Lit 2.23 1.56 40.4 29.7

Nt 2.16 1.7¢6 36.6 21.0

xt 2.03 2.01 25.2 8.7

cs* 1.91 2.11 18.7 5.9

H* (dry) 1.80 2.10 - -

TABLE 3: INITIAL RATES OF WATER REMOVAL FROM MAFION 117 (IN DRY ARGON)

Temperature, °C 25.0 30.0 35.0
Water Loss Rate, mol/s x 10 1.34 1.42 1.63
Weater Viscoslty, cp 0.880 0.800 0.741
Area, ca? 4.99 4.82 A.72
k'8 x 107 2.4 2.4 2.6

8@ k' ghows the (water loss rate x sreu)/(viscosity) value.
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Figure 1: Helical Conformation of Perfluorosulfonic Acid Polymers.
This sketch represents a helical conformation of Nafion-like polymers.
Polymer chains coil, moving the pendant ionic groups to alternative

clusters that focus at every third deck in the helical coil. Cations
are not shown.
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Figure 2: Pressurized Permeability Instrument: Solvent (water, etc.)
is pumped with known flow rate through membrane specimen with cross
sectional srea, A. Upstream and downstream pressure measurements de-
termine membrane pressure drop. Apparatus permits temperature studies
between ambient and 150°C and pressures from 1 to 50 atmospheres.



COMSTANT TEMPERATURL DATH

Figure 3: Polymer Elongation Instrument: Pretreated polymer sample
is clamped between caliper jaws and sample size measured as fixed force
is exerted by a weight (0 to 1000 g). Sample clamp is constructed from
polymeric materials to minimize corrosion and ionic contamination.
Control can vary from ambient to boiling point temeratures.

.3 8.8
T - H
-]
[
X so}
&
‘i.
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Figure 4: [Effective Pore Radius Contrasted to Hydrated Cation Bire.
Results show calculsted pore radius, the redius of a single pore that
sustains measured hydraulic flow through polymer, contrasted to hy-
drated cation size. Actual pore geometries are datermined by dividing
the effective radius by the number pore density.
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Figure 5: Polymer Elastic Modulus: Results show relative extension
for a single polymer sample in each of four cationic forms wnd at two
temperatures. Experimental procedure is described in text.



